Running title: The role of IP 3 R3 in taste signaling.
Inositol 1, 4, 5-trisphosphate receptor (IP 3 R) is one of the important calcium channels expressed in the endoplasmic reticulum and has been shown to play crucial roles in various physiological phenomena. Type 3 IP 3 R is expressed in taste cells, but the physiological relevance of this receptor in taste perception in vivo is still unknown. Here, we show that mice lacking IP 3 R3 show abnormal behavioral and electrophysiological responses to sweet, umami, and bitter substances that trigger G-protein coupled receptor activation. In contrast, responses to salty and acid tastes are largely normal in the mutant mice. We conclude that IP 3 R3 is a principal mediator of sweet, bitter, and umami taste perception and would be a missing molecule linking phospholipase C beta 2 (PLC 2) to TRPM5 activation.
Taste perception is a pivotal and primitive sensory system for survival in animals. By sensing taste, animals are provided with valuable information about foods (e.g., qualities and nature) and can choose the nutrient-rich foods necessary for living or avoid harmful and toxic substances. There are five taste categories (sweet, bitter, umami, sour, and salty), and recent studies have furthered our understanding of the molecular mechanisms of taste perception, especially for sweet, bitter, and umami tastes (1, 2) .
For perception of sweet, bitter, and umami taste, phospholipase C beta 2 (PLC 2) activation through G-protein coupled receptor (for sweet: T1R2+T1R3; for umami: T1R1+T1R3; for bitter: T2Rs) (1, (3) (4) (5) (6) (7) (8) and the subsequent activation of PLC 2 and transient-receptor potential receptor M5 (TRPM5) are necessary (8, 9) , but the molecular mechanism by which PLC 2 activation leads to TRPM5 in vivo is still unclear (2) . Several reports have suggested the possible involvement of Ca 2+ , probably released from the intracellular stores, in the activation of TRPM5 in heterologously expressed cells (10) (11) (12) (13) (14) and in taste cells (15) ; however this remains controversial (9) . Since PLC 2 activation actually leads to production of both IP 3 and diacylglycerol (DAG), it is an important issue to definitely determine which is a major player for gustatory systems. To clarify whether IP 3 R is necessary for taste perception in vivo, we analyzed the taste signaling of IP 3 R-deficient mice in this study (16) . We found that mice lacking IP 3 R3 showed altered taste recognition for sweet, bitter, and umami, whereas they were indistinguishable from wild-type (WT) mice in their recognition for salty and sour stimuli. However, they showed residual responses to high concentrations of sweets and bitter. Our data presented the direct validation that IP 3 R3 is a key molecule in taste perception for sweet, bitter, and umami, but also suggested the existence of IP 3 R3-independent taste signal transduction for recognition of high dose of these tastants.
Experimental procedures
Mice-IP 3 R3 and IP 3 R2 deficient mice were generated as described previously (16) , and the mice intercrossed with C57BL/6 mice at least twelve times were used. WT C57BL/6 mice were littermates or purchased from SLC (Shizuoka, Japan). All experiments were performed in accordance with the Animal Experiment Committee of RIKEN Brain Science Institute.
Detection of taste-related proteins in mouse taste buds-Two mouse tongues were removed and a protease solution (140 mM NaCl, 5mM KCl, 1mM MgCl 2 , 10 mM Hepes, 10 mM glucose, 10 mM sodium pyruvate, pH=7.4) containing 0.25 mg/ml of elastase and 2 mg/ml of collagenase type I was injected under the circumvallate papilla, and the epithelium was peeled away after 15 min. The peeled epithelium was then incubated in the enzyme solution (0.25 mg/ml elastase, 2.0 mg/ml collagenase, and 1.6 mg/ml dispase) for 5 min at room temperature and further incubated in Ca 2+ free tyrode's solution. After 30 min, taste buds became to be loosely attached to the epithelium and we gently detached all taste buds using forceps in the buffer as possible as we could. The buffer containing all taste buds of two mice circumvallate papilla were centrifuged at 1000 g for 5 min at 4ºC and the precipitated taste buds were lysed with 50 µl of sample buffer. RT-PCR-Total RNA was extracted from taste cells of three WT and IP 3 R3KO mice using Trizol Reagent according to the manufacture's instructions (Invitrogen). First strand cDNA was produced from the total RNA using reverse transcriptase Superscript II (Invitrogen) and oligonucleotide (dT) primers. The cDNAs were amplified with specific primers for mT2R108: sense 5'-ggcaccaaacgaggaaagatg-3', anti-sense 5'-tcaggaccaaagaggctactaacg-3'; mT2R138: sense 5'-atgctgagtctgactcctgtcttaac-3', anti-sense 5'-gcaggagagaagaagaacaactag-3'; and GAPDH: sense 5'-atggtgaaggtcggtgtgaaccg-3' anti-sense 5'-aaacatgggggcatcggcagaa-3'. After an initial cycle of 2 min at 95 ºC, the reaction was cycled for 30 sec at 95 ºC, 30 sec at 55 ºC, and 1 min at 72 ºC, 30 times. The PCR products were separated by electrophoresis in 2.0% agarose gel, stained with ethidium bromide.
Electron microscopy-Young adult KO mice and their littermates of wild-type mice, 4 in number for each group, were examined. Under an inhalation anesthesia with diethyl ether, the animals were perfused transcardially with Ringer's solution saturated with O 2 , and subsequently with a mixture of 2.5% glutaraldehyde and 0.5% paraformaldehyde buffered at pH 7.3 with 0.1 M phosphate. The circumvallate papilla was excised, halved on the midline, and kept overnight in the same fixative. The tissue pieces were postfixed in 1.0% OsO 4 buffered at pH 7.2 with 0.1 M phosphate for 2 hours at 4°C, dehydrated through a series of ethanol, and embedded in Epon-812. Ultrathin sections were examined in a Hitachi H-7100 transmission electron microscope after double staining with uranyl acetate and lead citrate.
Two-bottle preference tests-Two bottle preference tests were performed as described previously (18) . In brief, mice were individually housed and given to food ad libitum. Two sipper bottles, one containing distilled water and the other containing tastant solution were presented. After 24 hours, intakes of each solution were recorded and the positions of the two sipper-bottles were replaced to reduce the preference of the position of the bottle in a cage. Tastants were presented in an ascending order. Preference ratios were calculated as the intake of tastant compared to total intake.
Electrophysiological recordings-Whole nerve responses of the chorda tympani (CT) and glossopharyngeal nerves (NGs) to lingual application of tastants were recorded as described previously (19) . Briefly, tastants were applied to the tongue for 30 sec (CT) and 60 sec (NG) at a regular flow rate. Integrated whole-nerve response magnitudes (time constant, 1 sec) were measured 5, 10, 15, 20, and 25 sec (for CT) and 5, 10, 20, 30, and 40 sec (for NG) after stimulus onset. These data were averaged, normalized to the responses to 0.1 M NH 4 Cl, and analyzed with the general linear model multiple measures of the statistics package SPSS. For nerve recordings to MSG, we performed the experiments in the presence of 10 µM amiloride.
RESULTS
Taste bud morphology and the expression of taste-related proteins in IP 3 R3KO mice. We first examined the expression level of several taste-related proteins and taste bud morphology in WT and IP 3 R3-deficient mice.
As shown in Fig. 1A , we detected all three subtypes of IP 3 Rs in WT taste bud lysates by western blotting. Consistent with the previous data using in-situ hybridization and RT-PCR (20, 21) , the expression of IP 3 R3 is predominant among the three subtypes of IP 3 R, because the pan-IP 3 R antibody, which recognizes all types of IP 3 Rs at a similar level (22) , detected the bands for IP 3 Rs in WT taste bud lysates but not in IP 3 R3-deficient taste bud lysates (Fig. 1A) . The expression levels of PLC 2 and gustducin in IP 3 R3-deficient taste buds were equivalent to those in WT taste buds (Fig.  1A) . Immunohistochemical studies also indicated that PLC 2, gustducin, T1R3, and TRPM5, which are crucial molecules for taste signaling, were normally expressed in IP 3 R3 deficient mice at levels comparable with those in WT mice (Fig. 1B) . Immuno-signals for IP 3 R3 were completely abolished in IP 3 R3-deficient mice, whereas IP 3 R3 signal was detected in WT taste buds (Fig. 1B) , confirming the specificity of the antibody. We also tried to detect the immuno-signals for IP 3 R1 and 2 in taste buds, but they were under the detection level (data not shown).
At the morphological level, no apparent alterations were detected in the taste buds of IP 3 R3 deficient mice as compared with WT mice by hematoxylin-eosin staining (Fig. 1C) . We further examined the taste bud morphology in electron microscopy (Fig. 2) . The taste buds in the IP 3 R3KO mice, as well as those in the control mice, were represented by tight aggregates of spindle-shaped cells, each of which extended from the base to the taste pore ( Fig. 2A and 2B ). As originally described by Takeda (23), the three major types of intragemmal cells (17) were identifiable by their cytoplasmic constituents: the type I cell possessing a nucleus with deep indentations and apical granules of high electron density, the type II cell with an oval nucleus and considerable amounts of smooth endoplasmic reticulum (Fig. 2C and 2D) , and the type III cell that is characterized by a round clear nucleus and synaptic specialization: elevation in the electron density of the cell membrane and accumulation of granules. In both IP 3 R3KO and WT mice, the taste-sensing type II and III cells frequently contacted with nerve endings that were rich in mitochondria and dense and clear vesicles, and type II taste cells displayed subsurface cisterns and atypical mitochondria in the contacting area [ Fig. 2E and 2F, (24) ]. Since taste bud sectioned through the axis passing from the base to the pore exhibited at least two type II cells and a single type III cell with their typical features in IP 3 R3KO mice as similar to WT mice, the number of these cells constituting each taste bud did not seem to be largely different between IP 3 R3KO and WT mice, although more detailed analysis might be required for evaluation of subtle changes in ultrastructure.
Abnormal taste perception of sweet, bitter, and umami in IP 3 R3KO mice. We next examined the taste perception of IP 3 R3 deficient mice using the 48-hour two-bottle preference tests. Mice were provided with two sipper bottles (one bottle contained distilled water and the other contained a tastant solution), and the preference ratio (intake of tastant solution to total liquid intake) was calculated for each tastant solution at various concentrations. We found an obvious abnormality in taste perception in the IP 3 R3-deficient mice as shown in Fig.3 . Mice deficient for IP 3 R3 showed decreased responses to sweet (sucrose and saccharin), umami (monosodium glutamate), and bitter (quinine sulfate, denatonium benzoate, and cycloheximide) tastes, whereas WT mice responded to the tastes in a dose-dependent manner. In contrast, the behavioral response of IP 3 R3-deficient mice to salty taste (NaCl) was normal (Fig.  3) . Likewise, IP 3 R3-deficient mice avoided the sour solution (HCl) in a dose-dependent manner, similar to the WT mice. By contrast, mutant mice lacking IP 3 R2 largely did not show any apparent abnormalities in taste perception, although there was a tendency that the mice showed a slightly reduced (sucrose, HCl) and stronger (denatonium, quinine sulfate, and NaCl) behavior responses compared to WT mice. Since we detected the IP 3 R2 expression in taste buds in a lower level (Fig. 1A) , IP 3 R2 may be partially involved in the signal transduction for these tastants. Even if, our data strongly indicated a specific role for IP 3 R3 in in vivo taste signaling. We could not perform similar experiments in IP 3 R1-deficient mice because of their epilepsy and postnatal death within 21 days (25) . Thus, the contribution of IP 3 R1 to taste signal transduction remains unknown.
Electrical recordings of taste nerve responses in IP 3 R3KO mice.
To further test the deficit of peripheral taste signaling in the IP 3 R3-deficient mice, we finally took electrical recordings of the chorda tympani (CT) branch of the facial nerve and the glossopharyngeal nerve (NG), which innervate taste buds in the anterior and the posterior part of the tongue, respectively. Consistent with the behavioral data described above, the CT and NG electrical responses in IP 3 R3-deficient mice to sweet (sucrose, glucose, sorbitol, sucralose, maltose, and fructose, SC45647, acesulfame K, and saccharin), bitter (denatonium, cycloheximide, and quinine), and umami tastes were greatly reduced but not abolished compared with those of the WT mice, as shown in Fig. 4 . On the contrary, almost no significant differences were observed between IP 3 R3-deficient mice and WT mice in the CT and NG responses to sour and salty tastes, which again was consistent with the behavioral data described in Fig 3. Taken together, these results indicate that IP 3 R3 is a crucial mediator of sweet, bitter, and umami taste perception.
Discussion
Here, we have presented conclusive evidence from the behavioral experiments and electrical recordings that mice lacking IP 3 R3 show abnormal taste perception for sweet, bitter, and umami tastes, with gustation of sour and salty compounds being well preserved. Since the taste bud morphology of IP 3 R3 KO mice were apparently normal both in light and electron microscopic observation (Fig. 1C and 2 ) and the taste cells normally expressed several taste-related proteins other than IP 3 R3 at an equivalent level to WT cells by immunoblotting, immunohistochemistry, and RT-PCR (Fig. 1A, Fig. 1B , and Supplemental Fig. 1) , the abnormal development of taste buds in IP 3 R3 KO mice did not explain the deficit of taste recognition. Consistent with the finding that IP 3 R3 was the dominant isoform among the three types of IP 3 Rs in taste buds (Fig. 1A) , the abnormality of taste perception was specific for IP 3 R3-deficient mice and IP 3 R2-deficient mice generally showed normal taste perception (Fig. 3) . Interestingly, however, IP 3 R3-deficient mice showed a residual behavioral response to sweet, and bitter substances at high concentration (Fig. 3) . Electrical recordings of taste nerve responses further supported the behavioral results and showed a slight difference in the degree of the reduction in responses from the two taste nerves. As for the sweet taste, CT responses were almost completely diminished, whereas NG responses were reduced but still weak with a dose-dependent increase [e.g., sucrose (> 0.3 mM), acesulfame K at 0.3M]. Electrophysiological responses of both CT and NG nerves to bitter substances (quinine sulfate and denatonium) were generally reduced but were not diminished in response to high concentrations. As for the umami taste response, CT nerve responses were significantly reduced in IP 3 R3-deficient mice, whereas considerable responses were observed in IP 3 R3-deficient NGs. Recently, similar residual responses to a higher dose of tastants were found in TRPM5-deficient mice (26) . In addition, taste recognition of high doses of quinine and denatonium but not sucrose in PLC 2-deficient mice was also reported by Dotson et. al (27) . The reason for the residual behavioral and electrophysiological responses to sweet, bitter, and umami tastes in IP 3 R3-deficient mice is unknown; however our results indicate the contribution of IP 3 R-independent signal transduction, although we cannot rule out the involvement of a residual amount of expression of IP 3 R1, IP 3 R2, or other subtypes of PLC on taste signaling. Judging from the evidence that IP 3 R3-deficient but not PLC 2-deficient mice showed residual responses to high concentrations of sucrose, diacylglyceral produced by PLC 2 may play an important role in taste perception for sucrose at a high concentration (Fig. 5) . By contrast, taste recognition of high doses of denatonium and quinine seems to be completely independent from the PLC 2-IP 3 R3 signal pathway, because both IP 3 R3-deficient and PLC 2-deficient mice showed behavioral responses to the bitter compounds. Excitation of taste cells through activation of a cyclic nucleotide-gated channel (28, 29) or inactivation of K + channels (30, 31) in the downstream events of taste receptor activation may explain the PLC 2-independent residual response to high doses of bitter stimuli.
Although our behavioral data were generally consistent with the electrophysiological data, there is a dichotomy between the behavior and the neural responses in IP 3 R3KO mice: the mutant mice showed residual nerve response to MSG (the reduced CT nerve responses and the considerable NG responses), but abolished their preference for MSG. The similar dichotomy for MSG was also reported in -Transducin and -Gustducin double KO mice (32) . In mice, umami taste is known to elicit both CT and NG nerve responses (33) . CT nerve response is related to the preference for MSG, whereas the NG neural response is related to aversion at higher concentrations (32) . Therefore, one explanation is that if the inputs from the two nerves are equal in net, the two signals may cancel each other, resulting in their behavior responses to be indifferent. Alternatively, electrophysiological signals may be not enough to elicit the behavioral response in the two-bottle preference tests.
Based on our data and the previous findings that Ca 2+ activates TRPM5 in heterologous cells (10, (12) (13) (14) and in taste cells (15), we propose the following model: IP 3 produced by PLC 2 in response to G-protein-coupled receptor stimulation triggers Ca 2+ release through IP 3 R3 from the endoplasmic reticulum, which in turn activates TRPM5 in vivo (Fig. 5) . Thus, IP 3 R3 is a key molecule to couple PLC with TRPM5 and plays an indispensable role in taste perception for sweet, bitter, and umami tastes. pathway, the unknown signal pathways may also contribute to depolarization of taste cells for the detection of taste stimuli at the high concentration (dotted line).
